ABSTRACT. For interpreting fusion rate measurements in present fusion experiments and predicting the fusion performance of future devices or of d-t experiments in present devices, it is important to know the fusion crosssections as precisely as possible. Usually, it is not measured data that are used, but parametrizations of the crosssection as a function of the ion energy and parametrizations of the Maxwellian reactivity as a function of the ion temperature. Since the publication of the parametrizations now in use, new measurements have been made and evaluations of the measured data have been improved by applying R-matrix theory. The paper shows that the old parametrizations no longer adequately represent the experimental data and presents new parametrizations based on R-matrix calculations for fusion cross-sections and Maxwellian reactivities for the reactions D(d,r~)~He, D(d,p)T, T (~J )~H~ and 3He(d,p)4He.
INTRODUCTION
Fusion cross-sections have been of great interest from the beginning of fusion research, mainly for two reasons: While the detection of fusion reaction products has always been a signature of success, beginning with qualitative measurements of neutron production in the earliest experiments, modern fusion experiments use the measured fusion rates as plasma diagnostics. If one wants to draw reliable conclusions from these measurements about the plasma parameters, detailed knowledge of the fusion cross-sections is more important than ever before. Since the uncertainties in the neutron rate measurements are of the order of lo%, the uncertainties in the cross-sections should be of similar size or slightly lower, i.e. of the order of 5-10%.
generation to the next, it becomes increasingly more important for the design to predict their behaviour reliably. Among other parameters, the fusion rate in these plasmas must be determined accurately. Also, for reactor design and blanket studies, it is necessary to know the energy dependence of the fusion crosssections with the greatest possible precision, i.e. an uncertainty in the fusion cross-sections of the order of 5% is desirable. Since these experiments cover only a limited range of energy and are not always in agreement, the data have been periodically collected and reviewed, usually resulting in some graphical or, more recently, analytical representation of the crosssections. Today, such parametrizations of the data are essential, since the use of tables is not so convenient.
Two approximate representations of the fusion crosssections have been widely used, one derived by Duane in 1972 [l] , which is also listed in the NRL formulary [2] , and the other derived by Peres in 1979 [3] . Duane's cross-sections pose particular difficulties if they are extrapolated to energies below about 20 keV because of the unphysical parametrization of the penetrabilities that was used. In general, however, both approximations as well as the corresponding parametrizations for the Maxwellian reactivity ( u v ) calculated by Hively [4, 51 (on the basis of Duane's cross-section formula) and by Peres [3] are no longer adequate, for two reasons: First, in the last few years there have been new and more accurate measurements of the fusion crosssections which in any case justify new parametrizations. Second, the development since the 1970s of multi-reaction, many-observable R-matrix analyses for systems containing the major fusion reactions has provided a much better method of evaluating the crosssection data.
In this paper, we make use of cross-section information based on more recent experiments and on the more reliable representations given by R-matrix theory [6] to derive better parametrizations for fusion cross-sections and Maxwellian reactivities. The paper is divided into three parts. After a short introduction into the physics of the fusion reactions and R-matrix theory, we compare the data now available with the old parametrizations (to give an idea of their validity and accuracy), and also with the cross-section values resulting from R-matrix calculations. In the third part, we derive new parametrizations based on these R-matrix data for the fusion cross-sections as well as for the reactivities in thermal plasmas.
THEORETICAL BACKGROUND
The physics of fusion reactions between light nuclei has been treated in detail elsewhere [7, 81 , and detailed information on the states of the intermediate compound systems has been collected in two review papers [9, 101. Here, we only discuss some basic physics issues that are necessary to understand the parametrization used.
Parametrization of the cross-section
Fusion reactions between two nuclei can be divided into two parts which are approximately independent of each other, namely the atomic physics of the nuclei approaching each other, and the nuclear physics valid if they are close enough to feel the nuclear forces. The strong energy dependence of the fusion cross-section (see Fig. l(a) ) is mainly due to the repulsive Coulomb potential. As long as the energy available in the centreof-mass (CM) frame is much smaller than the Coulomb barrier, reactions are possible only because of the tunnelling effect, and the cross-section is proportional to the tunnelling probability: where is the Gamov constant, expressed in terms of the fine structure constant, CY = e2/fic = 1/137.03604, and the reduced mass of the particles, m,c2, in keV. Throughout this paper, E denotes the energy available in the CM frame. For a particle A with mass mA striking a stationary particle B, the simple relation EA = E (mA + m,)/m, holds. Energy in the centre-of-mass frame (keV) Quantum mechanics shows that the fusion reaction probability is also proportional to a geometrical factor .rrh2 -1/E, where h is the de Broglie wavelength.
The strong energy dependences of this factor and the barrier penetrability have prompted the introduction of the astrophysical S-function [ 12, 131, defined by writing the cross-section as a product of three factors:
The motivation for this definition is that the two well known, strongly energy dependent factors (which describe the Coulombic and phase space parts of the incident channel) are separated, leaving the S-function to represent mainly the presumably slowly varying nuclear part of the fusion reaction probability [13] .
FUSION CROSS-SECTIONS AND THERMAL REACTIVITIES
The S-functions for the four reactions shown in Fig. l(b) demonstrate very clearly the advantages of using the S-functions instead of the cross-sections:
-The S-function describes mainly the intrinsic nuclear physics of the reaction and therefore shows clearly the difference between the reactions considered here.
The d + d reactions do not have strong S-wave resonances close to the threshold, resulting in a weak energy dependence, while the other two reactions involve a near-threshold S-wave resonance of the compound system. This is very evident in the S-function, while in the cross-section it is masked by the strong energy dependence of the Coulomb barrier penetration.
-In all cases, the S-functions only vary by a factor of 20 over the energy range shown here, instead of by about 14 orders of magnitude. Therefore, it is much easier to not only compare data on a linear scale over a wide range but also to calculate a reasonable fit to the data.
While the first point is more important for nuclear physicists, the second one has practical significance when displaying and comparing the cross-section data, and obtaining parametric representations of the R-matrix calculations.
Strictly speaking, the factorization of the cross-section given by Eq. (4) holds only at energies for which the nuclear reaction is dominated by incident S-wave transitions. Furthermore, the Gamov penetrability form used there is appropriate only as long as the energy of the particles is much smaller than the barrier potential [7] .
(The Coulomb barrier is =210 keV for the d + d reactions, =280 keV for d + t and =580 keV for d + 3He, calculated using the channel radii from the R-matrix calculations.) Some authors [l, 31 have tried to extend the validity of the factorized cross-section expression to higher energies by using the somewhat more general penetrability function of Mott [ 141 giving S*(E)
At the energies where the two tunnelling probabilities differ, however, neither of them gives a particularly good representation of the true Coulomb barrier penetrability, and, since we regard the factorization simply as a mathematical normalization, it does not matter which form is used. Bearing in mind the possibility of integrating the cross-section analytically, as is sometimes done in reactivity calculations [15, 161, we use the definition from Eq. (4) since only this simpler form can be integrated analytically.
A factorized form such as Eq. (4) or (5) can always be used at higher energies, of course. It simply means that the S-function thus defined must increasingly include the barrier penetration effects of Coulomb repulsion and higher angular momenta [17] that are not contained in the simple Gamov or Mott penetrabilities. In this way, we have found it possible to use Eq. (4) to parametrize the calculated cross-sections at energies of up to 5 MeV without putting too severe a strain on the energy dependence of the S-function.
The old cross-section parametrizations
Duane [l] used for his parametrization Mott's form of the Coulomb barrier penetrability as given in Eq. (5) and approximated the S-function as the sum of a constant and a single-level Breit-Wigner resonance term:
The energy variable in this formula is the laboratory energy Ed of the deuteron. The main problem with the parametrization of Duane, however, is that he also considered the constant in the exponent (A, in his formula) in the tunnelling probability as a free parameter that could be varied to fit the data. The AI values resulting from the fits differ significantly (even small differences in an exponent are significant) from the expected values given in the CM system by Eq. (3), and they are different for the D(d,n)3He and D(d,p)T reactions even though the incident channel is the same in both cases. While these unphysical parameter values accounted reasonably well for the cross-section data in the limited energy ranges of the fits, they give poor extrapolations of the cross-sections to low energies, being in severe disagreement with more recent measurements, especially those for the branching ratio of the d + d reactions, as we shall see in Section 6.
to derive S*-values from the experimental data. He then fitted these values with a polynomial in a Pad6 expansion:
Here, again, E is the energy available in the CM frame. This parametrization shows no systematic deviations from the data and has proved to be a very flexible fit formula. Sadler As discussed above, we will use the penetrability form of Eq. (4), but with a Pad6 polynomial expansion of the S-function, to represent cross-sections resulting from R-matrix analyses of the type described in the following section.
R-matrix theory
R-matrix theory [20, 211 provides a mathematical description (and a simple parametrization) of nuclear reactions that is relatively model independent. It presumes that, owing to the short range of nuclear forces, there exist 'channel radii' outside of which a many-body nuclear system exhibits only two-body degrees of freedom. By putting the known two-body wave functions in these regions explicitly into the theory, it incorporates the Coulomb and angular momentum barrier penetration effects exactly at all energies, overcoming the shortcomings of cross-section parametrizations based on Eqs (4) or (5).
Being a multi-channel theory, R-matrix theory describes different reactions in the same compound system (as in the 4He system reactions T(p,p)T, D(d, n)3He, D(d, p)T, etc.) simultaneously with a single set of parameters. All types of experimental data (integrated cross-sections, differential cross-sections, polarizations, etc.) for all reactions therefore can be used to determine the R-matrix parameters of the system. The constraints imposed by using a very large dataset and a physically meaningful theoretical framework for the parametrization result in a better determination of any particular cross-section (in our case the integrated fusion) than can be obtained from direct measurements of that cross-section alone.
The multi-reaction, many-observable approach to doing R-matrix analyses was pioneered by Dodder and Hale at Los Alamos in the 1970s. Their analyses of the light systems containing fusion reactions [6] have resulted in R-matrix parameters that clarify the level structure of these systems [22, 231 and give fusion cross-section predictions that, despite being in some cases more than ten years old, still give good representations of even the most recent experimental data. The cross-sections calculated from those analyses [24, 251 therefore form the basis of our new parametrizations of the fusion cross-sections and reactivities. Since the calculation of cross-sections from multi-level R-matrix parameters is not trivial, however, we have used the representation given by Eq. (4) to derive more convenient numerical fits to the R-matrix calculations, which are presented in Section 4.
Jarme 3. REVIEW OF THE EXPERIMENTAL DATA 
Data for the reaction T (~, I I )~H~
The experimental data on this reaction are shown in Figs 2-4. Most of these data were taken for energies (in the CM frame) below 500 keV, with special emphasis on the resonance at E = 64 keV (or Ed = 107 keV).
The separation of the tunnelling probability, however, shifts the maximum, which occurs at E -48 keV for the S-function, as can be seen in these plots.
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4 " "~" " ' " " 1 Balabanov (1957) At energies around the maximum, the parametrization of Duane [ 11 is about 5 % lower than most of the experimental data, while Peres' formula [3] and the R-matrix calculation follows them closely. At very low energies, the Duane parametrization decreases sharply, following the data of Conner et al. [28] (see Fig. 3 ) and Arnold et al. [33] . The error bars of Arnold's data, however, also would fit Peres' parametrization, which is much flatter at these energies. The data from Jarmie et al. [19] and Brown et al. [43] are higher and also indicate a flat S-function, a trend also shown by the R-matrix theory. This means that the Duane parametrization has its greatest error at the very low energies, as expected from the discussion of the previous section.
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FIG. 3. S-values as derived from the measurements of
a spline fit to the data which was published as a table of cross-section data. In this calculation the crosssection data were taken from Refs [27, 28, 30-32 and 37-40] . However, in Ref. [40] , only the measurements taken by Katsaurov in 1962 [41] are reproduced. Figure 2 also shows the most recent measurements from the group at Los Alamos [19, 42, 431 . The data taken by Bretscher and French in 1949 [44] and by Jarvis and Roaf in 1953 [34] do not follow the trend of all the other data and should not be used for any parametrization. Energy in the centre-of-mass frame (keV)
FIG. 4. S-values as derived from the measurements of Argo et al.
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Data for the reaction 3He(d,p)4He
All the experimental data on this reaction are shown in Figs 5-7. The most recent data collection on the nuclear physics of the 5Li compound nucleus involved in this reaction shows that the resonance should occur at E = 270 keV (or Ed = 450 keV). The experimental data for this reaction, however, show large discrepancies with respect to the absolute cross-section values and the position of the resonance, as can be seen in these figures. The measurements of Arnold et al. [30] covered only the very low energy region far below the resonance. Again (as in Fig. 2 ) the data of Jarvis and Roaf [34] are completely off. The data of Bonner et al. [45] and the measurements of Kunz [46] showed a resonance with a rather low maximum (and in different positions), while the data of Yarnell et al. [47] and of Freier and Holmgren [48] showed much higher values. They could not, however, reveal the position of the maximum of the S-function.
The new measurements of Moller and Besenbacher [49] and of Krauss et al. [50] show a maximum at an energy close to that of Kunz [46] Because of discrepancies in the experimental data taken before 1979, these parametrizations look very different, and it is not clear how to solve this problem. The more recent data of Moller and Besenbacher [49] and of Krauss et al. [50] are between the two groups of data mentioned before, but they do not allow a decision to be made on the old data.
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FIG. 9. S-values as a function of the energy available in the CM frame for the D(d,p)T reaction. Although both datasets have appreciable error bars assigned to them, they clearly disagree with the trend of Duane's parametrization.
The solution to this problem, however, comes from the R-matrix fit, as can be seen in Fig. 8 . The light squares mark the data from before 1960, and the solid line shows the cross-sections calculated from the R-matrix fit in 1979. The error bars have been omitted for clarity, but the R-matrix calculation does not appear to give a good fit to these data. Obviously, it is mostly the experimental data from other reactions and the physical constraints of the model that have determined the calculated integrated cross-sections. Brolley et al. [63] cover the energy region above 500 keV (up to 7 MeV), they are also not shown here (see Ref. [17] ). In addition to the data mentioned before, we show the recent data of Krauss et al. [50] , Brown and Jarmie [54] and Jarmie and Brown [65] .
The data of Booth et al. [62] are far below all the other data and should not be used for any parametrization. Again, we see that Duane's parametrization decrea- Energy in the centreof-mass frame (keV) ses sharply towards low energies (where it is normally used), and the only dataset following this trend is the one of Arnold et al. [30] . However, the data published by Arnold in 1954 are not the originally measured data, but points from a smooth curve through his experimental data. All the other data at energies below about 15 keV are rather flat and agree with Peres' parametrization and the R-matrix results, thereby indicating that the Duane parametrization is seriously in error at these low energies. In the energy range 150-600 keV, all data are much higher than both of the old parametrizations, but they agree very well with the R-matrix result.
FIG. 12. S-function of the D(d,p)T reaction. The data of Wenzel

Data for the reaction D(d,n)jHe
The experimental data on this reaction are shown in Figs 13-15. Duane used for his fit [l] Fig. 15 ), and they made measurements in a KMnO, bath, thereby measuring the total neutron yield directly (black squares in Fig. 15) .
FUSION CROSS-SECTIONS AND THERMAL REACTIVITIES
At energies below about 50 keV, there is a wide spread in the experimental data, and this is reflected in the old parametrizations. The new data of Krauss et al.
[50] and of Brown et al. [43] do not follow either of these parametrizations, but they agree well with the R-matrix results. This is also true for the energy range 150-600 keV, where all the data are much higher than both of the old parametrizations.
CROSS-SECTION PARAMETRIZATION
As discussed in Section 3, the cross-section parametrizations now in use do not adequately represent the recent experimental data, and they differ strongly from R-matrix calculations of the cross-sections that are based on many kinds of experimental data.
The multichannel R-matrix parametrizations discussed here generally involve fewer than 100 parameters from which the cross-section can be calculated. This calculation, however, is rather lengthy and inconvenient. Therefore, we have used the calculated cross-sections to derive a more convenient and compact representation of the R-matrix results for use over a limited energy range.
4.1, Cross-sections from R-matrix analyses
The R-matrix analysis of the 5He system is complete and has been published [22] in part. The T(d,n)4He cross-sections from that analysis are determined to within 2% at energies of up to 1 MeV, with the error gradually increasing up to about 5 % at higher energies. Table I shows some details of this analysis and demonstrates clearly that the additional input of data other than the total fusion cross-sections increases the database significantly.
The R-matrix calculations for the d 4-3He reaction date back to July 1979. However, the data taken later agree with this evaluation, which is supposed to be correct to at least 10% (with the maximum uncertainty a The top part gives the maximum angular momentum quantum numbers and the channel radii used for the different channels in this system, while the bottom part summarizes the data included for each reaction, and some details of the fit, for which the overall x2 per degree of freedom is 1.55.
Reaction
occurring near the peak of the resonance), and therefore we will use the R-matrix values. A summary of this analysis is shown in Table 11 .
For the d + d reactions, the R-matrix calculations
[74] are still in progress but are approaching the final evaluation. The cross-sections, however, are already very stable and are supposed to be correct within 5% for energies of up to 1 MeV, with the uncertainty increasing to about 10% at the higher energies. The data summary for this R-matrix analysis is shown in Table 111 .
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Energy range observable data
The new parametrization
As mentioned before, the cross-section data from the R-matrices have been fitted using the following parametrization formula:
The S-values calculated from the R-matrix crosssections with Eq. (8) were fitted with a Pad6 polynomial: a The top part gives the maximum angular momentum quantum numbers and the channel radii used for the different channels in this system, while the bottom part summarizes the data included for each reaction. However, not all of these coefficients were necessary in all cases. The results of the fit procedure are given in Table IV together with the Gamov constant BG for each of the reactions. With E in keV, the fusion cross-sections are given in units of millibarn (1 mb = lo-'' cm'). The two bottom lines of Table IV show the energy range in which the parametrizations are valid, and also the maximum deviation of the approximations from the original R-matrix cross-sections. Table V lists for the four reactions the cross-sections calculated with this fit as a function of the energy in the CM frame.
For the non-resonant reactions, a single set of parameters was found which describes sufficiently well the data over the whole energy range (up to about 5 MeV), but for the resonant reactions T(d,n)4He and 3He(d,p)4He no such set was found. The validity range for these reactions is very restricted, as Table IV shows. Therefore, we calculated a second parameter set for these reactions which describes the cross-sections at higher energies. These fit parameters are shown in Table VI . For most applications, however, the 'low energy' fit from Table IV will be sufficient. Even for burnup calculations, where tritons start with an energy of 1.08 MeV (E = 430 keV) and 'He ions start with 820 keV (E = 330 keV), this fit is valid for the whole energy range needed.
-8.3993 X lo5 -2.6830 X 10.' exactly at 500 keV, and at 550 keV it is about 1.5% lower. The high energy fit is about 1.3% lower than the R-matrix value at 500 keV and about 0.8% lower at 550 keV. Both fits agree with each other at 530 keV, which is the best point to use in order to obtain a smooth transition between the formulas. The situation is different for the 3He(d,p)4He reaction, where the low energy fit reproduces the R-matrix data at 760 keV. At higher energies it is smaller, and the difference increases to 2.2% at 900 keV. At this energy, the high energy fit is 1.1 % above the R-matrix data and it reproduces these input data at about 1000 keV. This means that the transition from one formula to the other, although discontinuous, is best made at exactly 900 keV. More details on these calculations and the deviations from the input data have been documented in Ref.
[ 171.
Comparison with the old parametrizations and tables
Figures 16-19 show for comparison the ratio of the cross-section given by different approximation formulas to the cross-section from the R-matrix calculations. For the resonant reactions, a detailed comparison is only done for the 'low energy' fit from Table IV. All of the figures displayed here show very clearly the systematic deviation of Duane's approximation formula at low energies.
For the T(d,n)4He reaction, Peres' formula is up to 17% too low at energies below about 5 keV (or Ed i--8.3 keV), but it is correct within 5% for ener-
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Fit parameters for the very high energy range for the resonant fusion cross-sections, with E in keV and the cross-section calculated from Eqs (8) and (9) In units of mb.
If one has to use both formulas to cover the energy range of interest, one has to take care with the transition of one fit to the other. Energy in the centre-of-mass frame (keV)
FIG. 18. Comparison of the cross-sections calculated from the approximation formulas with the data from the R-matrix for the D (d,p) T reaction.
gies above about 20 keV. Duane's formula has deviations of up to 13% even for higher energies.
As mentioned in connection with Figs 5-8 for the 3He(d,p)4He reaction, the maximum in the old parametrizations occurs at a lower energy than in the R-matrix evaluation. This can be seen very nicely in Fig. 17 , where both fits are much higher than the R-matrix values for energies below about 200 keV, but are too low for energies above 200 keV. For this reaction, the maximum deviation of Peres' fit (30%) is even higher than the deviation of Duane's fit (= 12%). Fig. l8) , Peres' fit (which is only valid for E 5 1000 keV) is about 8% too high for energies below 10 keV and about 12% too low for energies between 200 and 400 keV. Duane's fit, however, is not usable for energies below about 10 keV, but is only up to 12% too low for energies between 10 and 100 keV. Above 1 MeV, the fit again drops very rapidly.
For the D(d,p)T reaction (
With respect to Duane's fit, the situation is similar for the D(d,n)3He reaction (Fig. 19) . Peres' parametrization, however, agrees very well with the R-matrix results for energies below about 10 keV. Above this value, his parametrization is too low, with a maximum deviation of about 25% at E = 250 keV. Vo1.32, No 4 (1992) In general, the deviations of the old parametrizations from the R-matrix cross-sections are much larger than the cross-section uncertainties and the deviations of the new approximation formulas.
Tables with data from a spline fit to the experimental data have also been published for the neutron producing reactions D(d,n)3He and T (~, I I )~H~ [36, 681. Drosg and Schwerer [68] used the same data as Liskien and Paulsen [36] , and, for the T (~, I I )~H~ reaction, also the most recent Los Alamos data [19, 431. We therefore compare in Fig. 20 our new fit formula only with this newer data table.
. REACTIVITY PARAMETRIZATION
The fusion rate depends on the relative velocity of the reacting particles, and, since in a plasma the ions have not a single velocity but a velocity distribution, the fusion rate per volume dR/dV is proportional to the fusion reactivity ( U V ) :
where n,, n, are the particle densities and 6,, is the Kronecker symbol. With f(Q the velocity distribution of a particle and g the relative velocity (g' = 7, -q), we obtain ( a v ) = 11 f(V',) f(7:) d g l ) /gl dTIdIr;
(1 1) This is a sixfold integral, but in some cases it can be reduced to a simpler integral by symmetry considerations [75] ; also, approximation formulas for this integral have been derived analytically, for Maxwellian ion energy distributions [15] as well as for beam-target reactivities [16, 751. These formulas, however, are not very convenient and are not accurate enough for most applications. For the T(d, n)4He and 3He(d, P )~H~ reactions, also a full calculation of the Fokker-Planck equation has been used to evaluate the reactivities [76] . Such numerical calculations are also necessary to evaluate the influence of fast ion tails from neutral beam heating and ion cyclotron resonance heating that can significantly increase the fusion reactivity [77] , For thermal plasmas, however, where the ions have a Maxwellian energy distribution, the thermal reactivity can be accurately calculated numerically, and such data have been published quite often.
Status of the parametrizations
At the beginning of fusion research, graphical data [78, 791 and tabulated reactivity data [80] for thermal plasmas were published. These reactivities had been numerically integrated from cross-section data in the early reviews [81] . As the database of the crosssections grew, quite a number of reports on reactivities were published [82] , often as internal reports; we apologize for any omissions of these in our discussion.
Later, analytical expressions for thermal reactivities were presented by, among others, Peres [3] , Hively et al. [4, 51, Brunelli [83] , and Brueckner and Jorna [84] . The latter three parametrizations, which have been widely used, are based on Duane's [ l ] crosssection formulas. Johner [85] calculated a very crude (monomial) approximation for the T(d, n)4He reaction based on Peres' cross-section formula. Slaughter [86] calculated reactivities for a variety of ion energy distributions and also parametrized his results.
Recently, Sadler and Van Belle [18] used a simplified R-matrix description for the T(d, n)4He cross-section alone to derive new parametrizations of the crosssections and thermal reactivities. This is similar to what we have done here, except that we have obtained the cross-section values directly from the multilevel R-matrix parameters of the final multichannel 5He analysis.
Since all previous reactivity evaluations use the old cross-section parametrizations (or simplified R-matrix results) that do not represent the cross-sections well enough, as we have seen, it seems necessary to calculate new reactivities on the basis of the cross-sections calculated from the final R-matrix parameters.
The new parametrization
We calculated thermal reactivities numerically on the basis of the new R-matrix cross-sections and we used these reactivities to calculate a new parametrization. For this parametrization we used the functional form proposed by Peres [3] :
The parameters resulting from this fit are shown in Table VII . The reactivity ( U V ) is in cm3/s when T is the ion temperature in keV. Table VI11 lists the values calculated with this fit as a function of ion temperature for all the reactions. The maximum deviation between input data and fit formula is much larger than that for the other reactions (and for the fit presented in Ref.
[17]), but, since the absolute uncertainties for the 3He(d, P )~H~ reactivities calculated from R-matrix cross-sections are 10% anyway, the inaccuracy of the fit does not significantly increase the total error of the parametrization, which is about 10%. The absolute uncertainties for the reactivities calculated for the R-matrix cross-sections are 3% for the d + t reaction and 6% for the d + d reactions. Since the errors of the corresponding fits are negligible, these values are also the total errors of our parametrization.
Comparison with the old parametrizations
Next we compare this parametrization as well as the old formulas with the numerically calculated reactivity values which have been the input for our fit. in Hively's 1977 paper [4] . All three of these parametrizations show large deviations from the correct reactivities for low ion temperatures, as one would expect from the fact that Duane's cross-section formulas were used. Peres' formula [3] is about 15% too low at T, = 1 keV but only 2% too low for T, > 10 keV. The parametrization of Sadler et al. [88] , which is based on intermediate R-matrix results [19] , is only about 5% too low between 1 and 10 keV, but above 20 keV the deviation increases to about 10% at 100 keV. 3He(d,p)4He reaction. The problems seen in Figs 5-8 with the cross-section formulas are also reflected in the reactivity parametrizations. The deviations are quite large and they even change sign.
For the D(d,p)T reaction shown in Fig. 23 the parametrization of Peres [3] is always better than l o % , but again the formulas based on Duane's data 111 have quite large deviations. In Fig. 24 the comparison for the D(d,n)3He reaction shows the same situation for Hively's formulas, but Peres' formula has a much larger deviation (up to about 20%) for high ion temperatures. (1) In triton burnup measurements the source rate of the tritons from the D(d,p)T reaction has to be known, but, normally, only the emission rate of the neutrons from the D ( d , r~)~H e reaction is measured and used. Generally, this difference in the emission rates has been neglected, but recently [89] it was argued that these rates can differ by about 15% in the case of TFTR.
( 2 ) If one tries to determine the fusion emission profile by measuring charged fusion products such as the 3 MeV proton along a line of sight and comparing this flux with the absolutely measured total neutron yield [90] , the difference in yield from the different branches has to be taken into account.
It has been shown in the preceding sections that the old approximation formulas for the cross-sections and reactivities are not adequate for today's needs, and the situation is equally bad, or even worse, for the branching ratio calculated from these approximations. Therefore, we compare the branching ratio for the cross-sections (BR = (T&,p/(Tddn) and the branching ratio for the Maxwellian reactivities (BRSV = ( ~J V )ddp/( ~J V )ddn) calculated from all the approximation formulas with the values obtained directly from the 4He R-matrix analysis.
Branching ratio for the fusion cross-sections
Figure 25(a) compares the branching ratio calculated from the cross-section approximations of Duane [ 11 and Peres [3] and from the one given in this paper with the values that result directly from the R-matrix analysis [91] . The results of this Coulomb corrected, charge independent analysis of the A = 4 reactions agree very well with the most recent d + d measurements [50, 54, 92, 931. It can clearly be seen that the branching ratio departs from unity and that it decreases at higher energies. The branching ratio calculated from the old formulas, however, does not represent this correctly. The cross-section formulas from Duane give a completely wrong low energy behaviour, as mentioned earlier, and Peres' formulas result in a branching ratio that is always about 10% too high. The cross-section approximation presented in this paper gives a branching ratio very close (about 1% maximum deviation) to Energy in the centre-of-mass frame (keV) the R-matrix data. This can also be seen in Fig. 25(b) , where the ratio of these branching ratios (calculated from the old approximation formulas) to the branching ratio from the R-matrix is shown. For cases where the absolute cross-sections are not needed, but rather the branching ratio itself, the R-matrix result can be approximated by a simple polynomial: BRfit = 1.04305 -2.6573 X 10-3E + 1.2923 X 10-5E2 -2.4454 X IO-*E3 (15) For energies between 0.5 keV and 200 keV, the deviation of BRfit from the R-matrix branching ratio is always smaller than 0.15 % . or. m 0.9
Branching ratio for the fusion reactivities
For thermal plasmas, the branching ratio BRSV of the Maxwellian reactivities is again important, and this branching ratio (as calculated from different reactivity formulas) is shown in Fig. 26(a) . Since the reactivities from the new approximation formula presented in Table VI1 represent the R-matrix reactivities to better than 0.35 % , the branching ratio calculated from this new reactivity fit represents the R-matrix branching ratio to at least better than 0.7%. Therefore, the BRSV values obtained directly from the R-matrix have been omitted in this figure. in Fig. 25 , with Peres' values always being too high and Hively's data (which are based on Duane's data) being nearly correct for ion temperatures above about 2 keV. Figure 26 (b) again shows the ratio of the BRSV values from the old formulas to the values from our new formula (which are practically identical to the values from the R-matrix).
For cases where only the branching ratio BRSV is needed, rather than the absolute reactivities, the values from the new reactivity parametrization can also be approximated by a simple polynomial:
BRSVfi, = 1.02934 -8.3264 x 10-3T, Qualitatively, the situation is similar to that illustrated Using Eq. (16), we find that for ion temperatures of the order of 30 keV the yield of tritons is about 10% lower than the neutron yield (while Hively gives a value of about 12% and Peres claims that it is 4 % higher). For beam-target reactions (which means typically E = 50 keV in TFTR and E = 40 keV in JET) the triton yield according to Eq. (15) is 6% (4% in JET) lower than the neutron yield, while Duane's data result in a 10% (9%) effect and Peres' formulas give 7 % (8%) more tritons than neutrons.
Depending on the plasma conditions (and the relative importance of thermal and beam-target reactions), the branching ratio will result in a triton yield that is different from the neutron yield, but this effect is much smaller than claimed recently [89] on the basis FUSION CROSS-SECTIONS AND THERMAL REACTIVITIES of Duane's cross-section parametrization, and it will probably be of the order of about 8 % .
For thermal ASDEX plasmas the triton yield is only I-2% higher than the neutron yield (Peres: 10% higher, Hively : 8-20% higher), and this difference is negligible.
SUMMARY
It has been shown that the parametrization formulas for the cross-sections of the reactions T(d,n)4He, 3He(d,p)4He, D(d,p)T and D (~, I I )~H~ no longer represent adequately the present status of the experimental data and the best evaluations of these data. New experimental measurements and the use of R-matrix theory have resulted in cross-section data with much higher accuracy leading to much better parametrizations.
On the basis of these cross-section data, reactivities for thermal plasmas have been calculated numerically, and new parametrizations have been presented for the cross-sections and the reactivities.
of two other recent evaluations of the fusion crosssections, one done at Lawrence Livermore National Laboratory [94] and the other in the Russian Federation
[95]. These evaluations are largely based on mathematical, rather than physical, representations of the experimental data (although the Livermore evaluation uses a single-level R-matrix calculation to give low energy T(d, n)4He and 3He(d, P )~H~ cross-sections). Since these new evaluations took the recent data into account, they are presumably in better agreement with our evaluations than are the older ones, but a detailed comparison will have to be done in the future.
As this paper was nearly complete, we became aware
